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Abstract

The degree of Zeeman splitting of ground-state sublevels in the presence of a

magnetic field can be measured using atomic sensors. The coherence of the spins

in the ensemble affects the efficiency of an atomic magnetometer. The sensitiv-

ity of these sensors depends on the line width of the magnetic resonance curve,

which is related to the coherence lifetime of the atomic spins. Atomic polarization

influences the optical properties of the medium, making it anisotropic. The rela-

tively long lifetime of ground-state polarization is a useful tool for measuring the

energy-level splitting. The modification associated with the atomic coherence in

the presence of an external magnetic field leads to interesting absorption effects

in the atomic environment. The splitting of magnetic sublevels and the transition

between them under the application of a magnetic field are quantum mechanical

images of the interaction between a field and an atomic spin that must be analyzed

using a density matrix. In the present work, magneto-optical effects with circu-

larly polarized light such as the dynamic properties and evolution of sublevels

of the rubidium-87 D1 line and the absorption properties of the atomic polarized

environment are studied theoretically using the reduced density matrix approach.
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1 Introduction

In nonlinear magneto-optical polarization effects, the coherent properties of the

atomic vapour are determined by the polarization of a single-resonance laser field.

The relatively long lifetime of ground-state polarization makes it useful for sensitive

measurements of energy-level splitting. Hanle first discussed the issue of the inter-

ference of atomic states and[1] was later developed by other physicists[2–4]. The

Hanle effect and related quantum bit are powerful tools in molecular and atomic

spectroscopy[5]. Optical pumping can produce the same coherence between the

sublevels of the ground state[6–8]. Coherence between magnetic sublevels can be

created and controlled through an appropriate polarized electromagnetic field and an

external magnetic field[9–11]. The Coherent interaction allows the effective control

of the properties of individual atoms. In atomic optics, the possibility of transfer-

ring a coherent population between the Zeeman sublevels has been widely used in

the production of atomic mirrors and beam splitters and atomic interferometers for

cold atoms[12–14] . In addition, the properties of an electromagnetic field are con-

trolled by the coherence created in the environment. For example, a desired state of

light in a cavity is produced by the strong coupling of atoms in the coherence of

the ground states[15]. It provides the possibility of storage, manipulation and prop-

agation of laser pulses in a controlled manner[16, 17]. Excitation through a laser

in the presence of a magnetic field is called the enhanced absorption of the Hanle

effect[18, 19]. These effects are justified by focusing on the repopulation of ground

states owing to different probabilities of transitions[18, 20]. The observed increase

in absorption is justified by coherence transfer through spontaneous emission from

the excited state to the ground state[21]. Owing to the interference of the magnetic

sublevels of the ground state and the evolution of the Zeeman coherence in an exter-

nal magnetic field, the rotation of the plane of polarization of the resonant beam

increases with the atomic transition. In many of the early experiments, Forward scat-

tering of linear polarized light was a tool to study the magneto-optic interference

effects. In these experiments, narrow resonances in scattered light provide informa-

tion about the populations and coherence between the excited states[22–26] and the

degenerate energy sublevels of the ground state. Forward scattering spectroscopy has

been very successful in measuring the strength of various atomic oscillations[27–

30] theoretical description of the nonlinear Faraday rotation for atoms with arbitrary

angular momentum in the approximation of weak magnetic field was presented by

Weis et al[31, 32].This theory represents a three-step interaction process: The ini-

tial excitation of the ground state coherence with the laser field, the evolution in the

external magnetic field, and the scattering of the probe field on the Zeeman coher-

ence corrected, leading to a rotation of the polarization and was later expanded to the

processes of alignment to orientation conversion, which is more common for high-

power laser fields, by Budker et al[33].The strong dependence of the refractive index
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of two circularly polarized components of an electromagnet field on a magnetic field

in a coherent environment has been proposed as an alternative approach of nonlin-

ear Faraday rotation[34, 35].In the present work, we have investigated the behaviour

of atoms in the laser beam in the presence of a static magnetic field with the numer-

ical solution of the Liouville Equation in a steady-state and reported The curves

of adsorption, dispersion and population changes of each sublevel of the Rubidium

atom.

2 Methods

First, the sublevels of the ground state of the rubidium-87 D1 line are selected, and

from the hyperfine structure of the ground state, only the sublevels of 5S1/2,F = 2

are considered. The D1 line is excited with the right-handed circularly polarized

laser light and transitions occur from the ground state 5S1/2,F = 2 to the excited

state 5P1/2, which consists of two hyperfine levels F ′ = 1,2. In the presence of

a magnetic field, the frequency of the atomic resonance changes, and this change

affects the parameters of the transmitted light. The Hamiltonian system is defined

According to 13 Zeeman sublevels of the sum of the ground and excited states. the

total Hamiltonian Includes the unperturbed Hamiltonian H0, the light-atom inter-

action Hamiltonian Hl ,the magnetic-field-atom interaction Hamiltonian HB and the

hyperfine Hamiltonian Hh f

2.1 The unperturbed Hamiltonian

the 5S1/2 −5P1/2 transitions of five sublevels of the ground state
〈

F = 2,m f

∣

∣with(2,−2),(2,−1),(2,0),(2,1),(2,2)

and The excited states
〈

F ′ = 1,m f

∣

∣with(1,−1),(1,0),(1,1)

〈

F ′ = 2,m f

∣

∣with(2,−2),(2,−1),(2,0),(2,1),(2,2)

are considered. these 13 states are defined as the basis states, as follows

H0 = h̄Σlωl |l⟩⟨l|= h̄Σlωl |l⟩⟨l|= h̄(ωF=2I5

⊕

ωF ′=1I3

⊕

ωF ′=2I5) (1)

The symbol
⊕

and Id represent a direct sum and a unit matrix with dimensions

d respectively. By selecting the rotating form and the ground-state energy equal to

zero also concerning the oscillating field frequency ,ω , and the transition frequency

between the ground state and the excited state, ω0, The resonance deviation is equal

to Delta = ω −ω0. So the unperturbed Hamiltonian is given

H0 = h̄(0I5

⊕

∆I3

⊕

∆I5) (2)
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2.2 The light-atom interaction Hamiltonian

The Right circularly polarized light and atoms interaction Hamiltonian are given

Eσ+(t) =
E0√

2
(excos(ωt)+ eysin(ωt)) =

E0

2
√

2
(ex + iey)

×e−iωt (3)

Eint =−e(r̂.Eσ+) (4)

⟨ f |Hint |i⟩=−E0

2
⟨ f | (ex + iey)

2
|i⟩ (5)

In the rotation wave approximation and according to The Winger-Echart Theorem

〈

F ′,m f ′
∣

∣V
∣

∣F,m f

〉

= εq

〈

F ′,m f ′
∣

∣erq

∣

∣F,m f

〉

Where q = m f ′ − m f and
〈

F ′,m f ′
∣

∣erq

∣

∣F,m f

〉

are The dipole matrix elements for

rubidium-87 D1 line, which is excited with right-circular circular polarized light[36].

2.3 The Zeeman and hyperfine Hamiltonian

Due to the diagonal of the hyperfine Hamiltonian in the coupled basis and the Zeeman

Hamiltonian in the uncoupled basis[37], the relationship between the coupled and

uncoupled basis are given

Hh f = AI.J =
A

2
(F2 − I2 − J2)→ A

2
[F(F +1)− I(I +1)− J

×(J+1)] (6)

µ = µBgJJ+µNgII (7)

HZeeman =−µ.B = µBgJJZB−µNgIIZB (8)

HZeeman =
∣

∣F,m f

〉

= (µBgJJZB−µNgIIZB)

|I(mI)J(mJ)⟩ (9)

Fundamental Physical Constants, Physical properties and transitions Optical Proper-

ties and also the transitions Hyperfine Structure Constants of rubidium 87 atom have

given[36].
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2.4 Relaxation matrix

In the evolution of the density matrix, the effect of relaxation is calculated separately

from the Hamiltonian. Atoms in each base |n⟩ relax at rates ˆΓnn = Γn[37]. The rate of

population changes of each sublevel due to relaxation processes such as various col-

lisions or the exit and entry of atoms into the laser beam and the rate of spontaneous

emission of the excited sublevels is shown by γ and Γ[38].

2.5 Repopulation matrix

In the repopulation process, the population of sublevels again increase. Atoms leav-

ing the beam, entering the beam again, are in the ground state and the possibility

of their presence in each of the sublevels of the ground state is the same [37]as

there are 8 sublevels, 3 sublevels of F = 1 and 8 sublevels of F = 2, in the ground

state, this possibility equals
γ
8

. In addition, the repopulation rate of each sublevel

of the ground state is proportional to the square of the dipole matrix elements for

all transitions that can occur from an excited sublevel to a ground sublevel also

by considering the Zeeman coherence created between the sublevels of the ground

and excited state, the non-diagonal components of the repopulation matrix can be

obtained[38] .Figs. 1 and 2 represent The transition between the sublevels of the

ground and excited-state According to the dipole matrix elements calculated for

different types of D1 excitations of the Rubidium-87 atom[36].Red arrows, green

arrows and black arrows represent The right-handed circularly polarized light, the

left-handed circularly polarized light and the light of the linear polarized respectively.
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Fig. 1 the hyperfine dipole matrix elements of rubidium-87 D1 excitation for σ+ transitions (F2 → F ′
1).



Springer Nature 2021 LATEX template

Article Title 7

Fig. 2 the hyperfine dipole matrix elements of rubidium-87 D1 excitation for σ+ transitions (F2 → F ′
2).

the obtained matrixes are replaced in the following Liou- ville equation in the

steady-state situation

ih̄
d

dt
ρ̃ = [H̃, ρ̃]− ih̄

1

2
(Γ̂ρ̃ + ρ̃Γ̂)+ ih̄Λ (10)

2.6 Observables

Dispersion and adsorption curves of the transitions that occur between the Zeeman

sublevels of the ground and the excited state due to the interaction with the right

circular polarized light are considered as observable.

ϕ+ = kl
β+

2
Rel(α1,10ρ1,10 +α2,112,11 +α3,12ρ3,12 +

α4,13ρ4,13 +α1,6ρ1,6 +α2,7ρ2,7 +α3,8ρ3,8) (11)

α+ = klβ+Im(α1,10ρ1,10 +α2,112,11 +α3,12ρ3,12 +

α4,13ρ4,13 +α1,6ρ1,6 +α2,7ρ2,7 +α3,8ρ3,8) (12)
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β+are given

β+ = b2
min

3natomΓλ 3

4π2Ωmin

(13)

whereΩminis the Rabi frequency for the weakest probe transition, ie transitions 3

and 8 and α =
Ωi j

Ωmin
that i,j are two sublevels that transition occurs between those

two. Among all allowed decay, the fraction of the atoms that decay corresponding to

Ωminis called b2
min . L is the length of the cell natom is the density of Rb atoms and λ

is wavelength of the laser beam[38].

3 RESULTS

Here, the curves of absorption, dispersion and population changes of each sublevel

of the rubidium atom exposed to the right-handed circular polarized light and a static

magnetic field in the z-direction are presented using the numerical solution of the

Liouville equation in steady-state also the effect of the magnetic field on the coupling

between each sublevel and light are determined.in Fig.3, I = 0.02 mv
cm2 and B = 100G

are the intensity of the pump light and magnetic field respectively.

Fig. 3 Absorption observed in the sublevels of rubidium-87 D1 line
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In the curve above, Delta shows the difference between the atomic resonance

frequency and laser frequency. As it is seen, the probability of coupling between

sublevels 1 and 6 is maximum and between sublevels 3 and 8 is minimum. The

first three peaks correspond to the transition F = 2 → F ′ = 1 while the next four

peaks correspond to the transitionF = 2 → F ′ = 2..The 100G magnetic field breaks

the degeneracy and destroys the coherence. Therefore, each of the sublevels with a

certain Larmor frequency makes a Precession around the magnetic field. This move-

ment affects coupling between each sublevel and the laser field and causes only one

sublevel with a specific delta to be excited. In the case of the dispersion curve, the

transitions are proportional to the absorption curve, as seen in Fig. 4.

Fig. 4 Dispersion observed in the sublevels of rubidium-87 D1 line

Also, Fig.5 represents the population change of each sublevel obtained with the

delta changes.
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Fig. 5 the population changes observed in the sublevels of rubidium-87 D1 line

As can be seen, two transitions 1,6 and 1,10, empty the population of level 1

and move it to levels 6 and 10. The emptying rate of sublevel 1 due to transition 1,6

doesn’t equal the repopulation rate of this sublevel due to transition 1,10 since in solv-

ing the Liouville equation the rate of entry and exit has not been considered the same.

From sublevel five onwards, there is no absorption and only filling has occurred. All

the mentioned cases are reasonable according to Clebsch–Gordan coefficients and

calculated probabilities. Sublevel 9 has taken no transition, so its population has not

changed. In the next step, The magnetic field has been set at 100G, while the laser

intensity has been variable, as seen in Figs. 6,7,8,and 9.
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Fig. 6 Absorption observed in B = 100G, I = 5 mw

cm2
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Fig. 7 Absorption observed in B = 100G, I = 2 mw

cm2
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Fig. 8 Absorption observed in B = 100G, I = 0.02 mw

cm2
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Fig. 9 Absorption observed in B = 100G, I = 2e−4 mw

cm2

Also at intensity, I = 0.02 mw
cm2 , Absorption curves for different magnetic fields

have been according to Figs. 10,11 and 12.
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Fig. 10 Absorption observed in B = 10G, I = 0.02 mw

cm2
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Fig. 11 Absorption observed in B = 20G, I = 0.02 mw

cm2
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Fig. 12 Absorption observed in B = 100G, I = 0.02 mw

cm2

By paying attention to these two categories of curves, Figs.6,7,8 and 9 also

Figs.10,11 and 12, the conditions of change in coupling and coherence between

sublevels are understandable, which has been discussed in the next step.

4 DISCUSSION AND CONCLUSIONS

The quantum interference of the ground state sublevels leads to a wide range of non-

linear magneto-optical effects, such as nonlinear Faraday effects. Also, the laser light

absorption analysis provides a powerful tool for studying the fundamental properties

of a Coherent environment. The magnetic field destroys the coherence of the ground

state and not only causes the splitting of the Zeeman sublevels but also changes the

transition dipole elements[39, 40]. The rabi frequency rises as the laser intensity rises.

In a fixed magnetic field, such an increase causes strong coupling, creating coherence

between Zeeman sublevels and overcomes the destructive effects that the magnetic

field applies to the coherence of these sublevels so that only two peaks are seen at

the high intensities of the laser beam. In the fixed lase intensity decreasing the mag-

netic field leads to increasing coherence so that in magnetic fields close to zero due

to keeping the degeneracy between sublevels is observed the only two peaks. With

increasing the magnetic field, separate peaks occur due to splitting Zeeman sublevels
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and destroying degeneracy. Therefore, increasing the laser intensity when the mag-

netic field is fixed affects the coherence of sublevels and the possibility of occurring

different transitions as decreasing the magnetic field when the laser intensity is fixed.
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na forward scattering signals due to the interaction with an intense dye laser

field,” Physics Letters A 48, 283–284 (1974).

[25] S. Giraud-Cotton, V. Kaftandjian, and L. Klein, “Forward scattering of reso-

nant radiation as a function of applied magnetic field—theoretical study of the

hyperfine lines of the sodium doublet,” Physics Letters A 88, 453– 456 (1982).

[26] Izma˘ı, “Change in the parameters of a light wave during propagation through

a resonant gaseous medium in a magnetic field,” .

[27] W. Gawlik, J. Kowalski, R. Neumann, and H. Wiegemann, “A new method for

measuring oscillator strengths using the resonant faraday effect in monochro-

matic light,” Journal of Physics B: Atomic and Molecular Physics (1968-1987)

12, 3873 (1979).

[28] W. Garton, J. Connerade, M. Baig, J. Hormes, and B. Alexa, “Measurement

of oscillator strengths in the ultraviolet by magneto-optical rotation,” Journal of

Physics B: Atomic and Molecular Physics (1968-1987) 16, 389 (1983).

[29] M. C. Huber and R. J. Sandeman, “The measurement of oscillator strengths,”

Reports on Progress in Physics 49, 397 (1986).

[30] W. Hanle, A. Scharmann, and P. Wirz, “Measuring of low atomic vapour pres-

sures by the method of forward scattering in a transverse magnetic field,” Physics

Letters A 69, 12–14 (1978).

[31] A. Weis, J. Wurster, and S. Kanorsky, “Quantitative interpretation of the non-

linear faraday effect as a hanle effect of a light-induced birefringence,” JOSA B

10, 716–724 (1993).

[32] S. Kanorsky, A. Weis, J. Wurster, and T. Hänsch, “Quantitative investigation

of the resonant nonlinear faraday effect under conditions of optical hyperfine

pumping,” Physical Review A 47, 1220 (1993).

[33] D. Budker, D. Kimball, S. Rochester, and V. Yashchuk, “Nonlinear magneto-

optical rotation via alignment-to-orientation conversion,” Physical review letters

85, 2088 (2000).



Springer Nature 2021 LATEX template

Article Title 21

[34] M. Fleischhauer, A. Matsko, and M. Scully, “Quantum limit of optical mag-

netometry in the presence of ac stark shifts,” Physical Review A 62, 013808

(2000).

[35] V. Sautenkov, M. Lukin, C. Bednar, I. Novikova, E. Mikhailov, M. Fleischhauer,

V. Velichansky, G. R. Welch, and M. O. Scully, “Enhancement of magneto-optic

effects via large atomic coherence in optically dense media,” Physical Review A

62, 023810 (2000).

[36] D. A. Steck, “Rubidium 87 d line data,” (2001).

[37] M. Auzinsh, D. Budker, and S. Rochester, Optically polarized atoms: under-

standing light-atom interactions (Oxford University Press, 2010).

[38] S. Krishnamurthy, Y. Tu, Y. Wang, S. Tseng, and M. Shahriar, “Optically con-

trolled waveplate at a telecom wavelength using a ladder transition in rb atoms

for all-optical switching and high speed stokesmetric imaging,” Optics Express

22 (2014).

[39] G. Breit and I. Rabi, “Measurement of nuclear spin,” Physical Review 38, 2082

(1931).

[40] E. B. Alexandrov, M. P. Chaika, and G. I. Khvostenko, Interference of atomic

states, Vol. 7 (Springer, 1993).


	Introduction
	Methods
	The unperturbed Hamiltonian
	The light-atom interaction Hamiltonian
	The Zeeman and hyperfine Hamiltonian
	Relaxation matrix
	Repopulation matrix
	Observables

	RESULTS
	DISCUSSION AND CONCLUSIONS
	Acknowledgments


